Investigating the measurement of offshore wind turbine blades using coherent laser radar  by Summers, Andrew et al.
Robotics and Computer-Integrated Manufacturing 41 (2016) 43–52Contents lists available at ScienceDirectRobotics and Computer-Integrated Manufacturinghttp://d
0736-58
n Corr
E-m
qing.wa
roger.hojournal homepage: www.elsevier.com/locate/rcimInvestigating the measurement of offshore wind turbine blades
using coherent laser radar
Andrew Summers a, Qing Wang a,n, Neil Brady b, Roger Holden b
a School of Engineering and Computing Sciences, Durham University, Durham DH1 3LE, UK
b Nikon Metrology UK Ltd., Staffordshire B77 5ES, UKa r t i c l e i n f o
Article history:
Received 20 February 2015
Received in revised form
23 January 2016
Accepted 23 February 2016
Available online 3 March 2016
Keywords:
Alignment
B-Spline
Coherent laser radar
Transformation
Unconstrained
Wind turbine bladex.doi.org/10.1016/j.rcim.2016.02.007
45/& 2016 The Authors. Published by Elsevie
esponding author.
ail addresses: andiesummers@hotmail.co.uk (A
ng@durham.ac.uk (Q. Wang), neil.brady@niko
lden@nikon.com (R. Holden).a b s t r a c t
Large-scale offshore wind turbine blades need careful dimensional inspection at the production stage.
This paper aims to establish an accurate measurement technique using Coherent Laser Radar technology
combined with B-Spline point generation and alignment. Through varying the Degrees of Freedom (DoF),
used for data point transformation, within the Spatial Analyser software package, erroneous inspection
results generated by unconstrained blade ﬂexing can be eradicated. The paper concludes that im-
plementing a single B-Spline point generation and alignment method, whilst allowing transformation
with DoF in X, Y and Rz, provides conﬁdence to wind turbine blade manufacturers that inspection data is
accurate. The experimental procedure described in this paper can also be applied to the precision in-
spection of other large-scale non-rigid, unconstrained objects.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Large-scale offshore wind turbine blades have high geometric
dimensional precision requirements which need to be inspected
during the production stage to ensure designed geometrical tol-
erance speciﬁcations are satisﬁed. In the inspection procedure,
aligning the computer-aided design (CAD) blade model to the
measured blade data is integral to the measurement accuracy of
the inspection. Minimising the measurement error during in-
spection, through robust data alignment techniques, provides
blade manufacturers with conﬁdence in their manufacturing
procedures, enabling the design and build of more complex and
aerodynamically efﬁcient blade proﬁles [1].
With advances in manufacturing capability over past decades,
the use and accuracy of metrology within the industry has in-
creased dramatically. In recent years, particularly as computational
technology has developed, metrology inspection is increasingly
being used to optimise products at the design phase, thus enabling
a better understanding of the product that is being manufactured.
In the case of large-scale wind turbine blade inspection, im-
proved metrology technologies [2–5] enable manufacturers to
make well informed decisions that are critical in creating superior
blade prototypes [6].r Ltd. This is an open access article
. Summers),
n.com (N. Brady),There is a variety of metrology techniques that can be used to
collect inspection data for wind turbine blades. These techniques
require not only highly accurate large-scale measurement, but also
the ability to transform, manipulate and align the measured data
of this predominantly unconstrained object to a known reference
frame, speciﬁed by a CAD model [7].
This requirement can be addressed in a variety of ways, de-
pending on the unconstrained component’s physical properties:
If a measured component is not ﬂexible, a simple rigid trans-
formation is enough to perform a data alignment between the CAD
model and measured surface [8]. Rigid transformation, involving
translation and rotation, is a simple and quick form of alignment.
If a measured component is ﬂexible, it is necessary to use a
more general transformation, such as the non-linear ‘Iterative
Closest Point’ (ICP) method pioneered in [9]. This method works in
six Degrees of Freedom (DoF) and accurately aligns data from
unconstrained objects to their ideal geometric models established
in CAD. The ICP method can also incorporate data point weighting
and be combined with both rigid and non-linear transformation,
as described in [10,11], to improve alignment accuracy, stability
and convergence efﬁciency.
Another way of compensating for misalignment, due to ﬂexing
of the structural component, is demonstrated in [12]. Here, the
Finite Element Method (FEM) is used to three dimensionally de-
form a non-rigid CAD model by the approximated component ﬂex
and then compare it with the measured state of the physically
deformed component. This FEM approach has been proven to
generate accurate representations of real deformations, however itunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. The separation of a wind turbine blade CAD model into segments enabling
independent measured and ﬂex from the root to be eradicated.
Table 1
Analysis of metrology techniques against wind turbine blade inspection criteria.
Fig. 2. LR scan mirror rotation and distance measurement.
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deformations.
With large-scale wind turbine blades subject to unconstrained
ﬂexing along the cord and span, these non-linear transformations
or FEM methods could provide suitable alignment to ensure ac-
curate metrology inspection during production of the entire blade.
More recently a relatively simple method has been developed
by Nikon Metrology U.K. [13] and uses Coherent Laser Radar (LR)
to measure independent segments of a complete blade. Through
separating the measurement process of the blade in this manner,
total blade ﬂex can be compensated, allowing rigid ﬁve DoF
transformations. This type of transformation as described in [14],
enables accurate ‘measured component to CAD’ alignment. Once
each segment of blade is measured and transformed, the data is
then combined to form a complete blade representation (Fig. 1).
Although feasible, this procedure requires development and
evaluation before implementation on industrial blade production
lines. This paper, therefore, proposes an accurate, time efﬁcient
metrological data alignment transformation solution for large-
scale wind turbine blades using LR technology. The solution will
combat the erroneous data generated by ﬂexing of wind turbine
blades during inspection and provide blade manufacturers con-
ﬁdence in the accuracy of the data being fed back from the in-
spection procedure to the design stage.
This research develops and improves the Nikon Metrology
measurement procedure currently implemented at the Vestas
Winds Systems Research and Development facility on the Isle of
Wight. It investigates, in detail, this inspection process and ﬁve
DoF data alignment, where very little experimental evaluation has
been carried out before, and gives clarity to the methods sur-
rounding the inspection procedure used by wind turbine blade
manufacturers.2. Metrology theory
2.1. Various metrology techniques
There is a variety of metrology techniques that can be used to
collect inspection data for wind turbine blades. These techniques
digitise an object in one of two ways:
Contact Digitisation- A probe contacts a measurement surface
and the X, Y, Z coordinate location is recorded. This is histori-
cally the highest precision form of measurement and is used
widely in manufacturing inspection [15].
Non-Contact Digitisation- The contour data of the measure-
ment surface is obtained through the use of vision technologies.
There is zero contact force, thus preventing any deformation of
the measurement surface. This method is favoured when mea-
suring difﬁcult to access surfaces quickly [16].
These contact and non-contact digitisation methods can be
implemented independently or together, as shown in [17], and
have metrological advantages and disadvantages.
For the inspection and quality checks of large-scale windturbine blades during manufacture, non-contact Coherent Laser
Radar (LR) is undoubtedly the most suitable metrology technology
to use [18,19,20], as demonstrated in the metrology analysis
[21,22] in Table 1.
2.2. Coherent laser radar technology and measurement
LR devices provide a robust and highly accurate form of mea-
surement. They can capture complex, large-scale design model
geometries to a high precision due to their large operating range
and ability to work in any lighting condition [23]. The LR’s set up is
demonstrated in [20].
The LR can measure 48,000þ inspection locations with 0.025 mm
single point uncertainty in an 8 h time period. The associated Spatial
Analyser (SA) software collects the data and conducts CAD model
comparisons to demonstrate manufacturing irregularities. The single
point uncertainty for the measurement of a speciﬁc point in 3D space
is highly dependent on the parameters range (Rg), azimuth (Az) and
elevation (EI). Through the ﬁnite accuracy of the angular measurement
of Az and EI, the contribution of Az and EI to the single point un-
certainty gets higher when the distance between laser radar scanner
and measurement point gets higher.
The LR used in this investigation is Nikon Metrology’s FM CLR
Scanner (LR-200), a scanner that works with precise beam steering,
delivered through a two axis gimble mounted scan mirror. The LR’s
measurement beam scans to a Range (Rg) of 50 m and is controlled
through 360° in Azimuth (Az) and 120° Elevation (El) (Fig. 2).
The LR calculates range by bouncing a laser beam, generated by
the instrument, off the object being measured and then compares
the frequency signal of reﬂected laser beam light to an internally
generated and calibrated duplicate frequency signal. The differ-
ence in light beam frequencies (Δf), as shown in Fig. 3, is used to
calculate range accurately to within 10 μm [23], using Eq. (1).
Δ= ( ) ( )Rg f in microns/0.667 1
Fig. 3. The saw tooth wave of base frequency200 THz that enables Δf to be cal-
culated due to a ﬁxed wavelength of 1500 nm.
Fig. 4. Inspection locations required for complete inspection of a 60 m blade using LR.
Fig. 5. B-Spline generation about the blade chord and the Z-axis constraining
mounting jig.
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locates the point measured on the object. This measured point is
then converted into a Cartesian coordinated system by the LR
operating software SA [25] and displayed in the user interface.
LR measurement requires ‘line of sight’ to record the orienta-
tion of measured points, requiring multiple instrument locations
(as shown in Fig. 4) when inspecting complete, large-scale objects.
Current blade inspection methods, [13], have shown that six in-
strument locations are required to record a complete 60 m wind
turbine blade. This causes additional orientation problems for the
SA operating systems to overcome.
2.3. Spatial analyzer: errors and uncertainty
SA is a ﬂexible, instrument independent and traceable 3-D
graphical software package that provides a platform for compo-
nent inspection and data analysis.
When using SA in conjunction with LR, the software is parti-
cularly capable at accommodating multiple instrument locations
through its Uniﬁed Spatial Metrology Network (USMN) pro-
gramme [26]. This programme is based on the Guide to the Ex-
pression of Uncertainty in Measurement (GUM) approach [27–29]
and converts each data set collected at each instrument position
into one uniﬁed coordinate orientation, whilst minimising error
and quantifying the uncertainty associated with data transfer from
the LR to the software system [30]. This makes SA a powerful tool
and reduces the impact of the error multiplying effect caused by
the large-scale measurement.
Once this data collation is completed, SA enables the entire
measured component to be analysed against its design CAD
drawing to ensure a high quality of manufacture.
By way of comparison, rather than using a single LR metrology
instrument, research has also been conducted into combining
metrology techniques to achieve the accurate measurement of
freeform objects [31].
Fu et al. [17] considers the use of two different instruments to
measure complex freeform surfaces. Using a non-contact StructuredLight optical scanner and a contact measurement coordinate-mea-
suring machine (CMM), the authors highlight the difﬁculties that
arise with error evaluation. Particular problems occur with the CAD
model and point cloud data generated from the optical scanner
being impossible to automatically align, making the approach time
consuming and inaccurate. The paper also explores new ways of
detecting digital error and uses the ‘golden section method’ to re-
duce position errors in alignment caused by inconsistency between
actual references and CAD model references. The added complexity
associated with using multiple metrology technologies reinforces
the advantages of the simple operation of LR.
2.4. B-splines points
To measure a manufactured turbine blade’s aerofoil proﬁle
successfully and then compare this data to the required shape in
the form of a CAD model, the data must be uniﬁed in the same
coordinate system. This alignment is achieved through the con-
struction of data points along the CAD model’s surfaces.
To generate the required data points within SA, ‘B-Spline’
curves are constructed following the complex curved surface
proﬁles of the CAD blade [31,32]-the curves then provide the lo-
cation framework for the points. B-Spline curves are normal to the
span of the blade and their frequency can be varied, depending on
the level of inspection detail required (Fig. 5).
A B-Spline Curve, P(t), is formulated using the de Boor algo-
rithm [33], with control points, Pi, and k being the order of poly-
nomial segments.
∑( ) = ( )
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Once the de Boor algorithm, shown in Eq. (2), is used to con-
struct a B-Spline curve in SA, points are constructed at even dis-
tances along this B-Spline curve. The points positioned along the
analytically deﬁned B-Spline curve then require projecting to the
CAD model’s geometrically deﬁned curve. Doing so, removes the
error caused by the B-Splines multiple straight line construction,
shown in Fig. 6.
B-Spline projected points along the CAD surface provide the
reference locations within the SA coordinate system to which
measured points are aligned. Kumar et al. [34] states that B-Spline
curves are a reliable form of surface ﬁtting points whilst de Boor
[35] shows they provide a ﬂexible and useful tool for the computer
interpolation.
2.5. Data alignment
In order for alignment within SA using LR, the blade CAD model
is separated into multiple segments. For each of these segments,
B-Splines points are generated around the blade chord to form a
framework for measurement and alignment, as shown in Fig. 5.
Fig. 6. Illustration of the point location error caused by the difference in CAD
model surface curve and B-Spline construction.
Fig. 7. SolidWorks ﬂex of blade analysis.
Fig. 8. Comparison between Regular and Enhance Surface Point Measurement
procedure.
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wind turbine blades being constrained at the root by their inspection
mounting jig in the Z-axis, SA alignment involves ﬁve DoF transfor-
mations in X, Y, Rx, Ry and Rz. Any combination of these ﬁve DoF
transformations can be used to achieve the optimum (best) data
alignment. Having ﬁve variables gives 25¼32 different DoF combina-
tions and through quantifying and analysing all 32 variations, the
optimum DoF transformation combination can be established.
This optimal alignment is deﬁned as the ‘minimum offset of the
B-Spline points within the CAD coordinate system to the measured
points coordinate system’ and when completed provides an ac-
curate comparison between measured blade proﬁle and blade CAD
model proﬁle. Combining these proﬁles for each segment together
builds a picture of the entire blade manufacturing accuracy.
2.6. Blade ﬂexing
To establish the ﬂex characteristics of a large-scale wind tur-
bine blade, the displacement of the blade from its rigid position
and the angles at which it moves away from this position can be
calculated using Computational Analysis.
These values are important as they help deﬁne the maximum
coordinate system offset (sag and twist), caused by gravity, ex-
perienced during wind turbine blade inspection. The data is used
to justify the magnitude of the experimental ﬂex simulations im-
posed on the test piece described later in this paper.
The Computational Analysis in this work used SolidWorks and
a 44 m long Vestas Blade CAD model to estimate the maximum
angle and maximum displacement to which a large-scale wind
turbine blade could be exposed. Fig. 7 shows the effect of applying
a uniform force, simulating the effect of gravity, to the upper
surface of the proﬁle whilst constraining the CAD blade at the root.This simulates the blade ﬂex during inspection.
The results of this total blade analysis shows that acting like a
cantilever, the blade ﬂexes (sags) with maximum displacement of
5.6005 m from its original, rigid position, enabling the maximum
angle change induced by this displacement to be calculated as a
maximum of 30° from the Z-axis running along the blade span.
This analysis provides the maximum values of ﬂex experienced
by the blade and represents the worst case scenario that could
occur in a factory inspection procedure. In practice, the blade is
mounted trailing edge up with a trolley positioned under the
leading edge. This causes only a small rotational ﬂexing about Rx,
Ry and Rz rather than the extreme ﬂexing demonstrated by the
SolidWorks ﬂex simulation.
Achieving optimised accuracy for the worst case state will en-
sure that the smaller magnitude alignments experienced in day-
to-day measurement of the blades at the factory can be con-
ﬁdently proposed as the most accurate method.2.7. Enhanced surface point measurement
In order to generate the results, the LR approach offers both
Regular and Enhanced Surface Point measurement. The latter
process takes multiple measurements surrounding the selected
Azimuth and Elevation position in order to return the best result,
whilst the regular measurement process returns only one mea-
surement for the speciﬁc location of the laser beam (Fig. 8).
The Regular method causes greater irregularities and errors
than the Enhanced method as demonstrated from running a back-
to-back LR comparison experiment: This experiment involved
generating, through using SA, a straight line along a ﬂat surface.
Along this line, 250 nominal points were constructed and each of
these measured by the LR in both Regular and Enhanced Surface
Point measurement conﬁguration. The distance between the laser
radar and cross section of the model is 5.5 m.
Comparing the measured results with the nominal points
generated in SA along the line quantiﬁes the difference between
the two methods. The results were:
Regular Surface Point measurement:
Max Displacement from straight line¼0.9 mm
Mean Variance¼0.3 mm
Enhanced Surface Point measurement:
Max Displacement from straight line¼0.1 mm
Mean Variance¼0.01 mm
These results show that for consistency and accuracy of mea-
surement the Enhanced Surface Point measurement is best. The
Mean Variance of 0.01 mm also justiﬁes the use of an error range
of 70.01 mm when analysing data generated by the LR. The
downside to this is extended measurement time; however, this is
not a concern for this experimental application.
Fig. 10. Blade test experimental procedure.
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Incorporating the theory discussed above, the method used to
investigate and optimise large-scale wind turbine blade inspection
was established.
3.1. Test piece design
To carry out laboratory experimentation using the LR, a ply-
wood test piece was designed with a curved measurement surface,
loosely based around the Vestas blade test piece. Mounted on a
gimble (allowing Rx and Rz) and turntable (allowing Ry), the test
piece is designed to simulate large-scale wind turbine blade ﬂex-
ing within a laboratory environment whilst eradicating the dis-
advantages of the Vestas supplied test piece, which were:
 Too large and heavy for the Durham University metrology
laboratory.
 Inaccurate control of rotation through X, Y, and Z-Axis (Rx, Ry
and Rz).
The newly designed test piece improved on these aspects with
a smaller, lighter and more easily movable construction.
The turntable and gimble enable controlled rotation to within
1° accuracy, simulating blade sag in Ry (up to 30°) and blade twist
in Rx (up to 15°) and Rz (up to 20°). They also prevent the test
piece moving along the Z-axis. The Rx, Ry and Rz offsets replicate
the blades ﬂex characteristics and constraints demonstrated in the
SolidWorks simulation in Fig. 7.
The test piece was constructed to accurately match a CADmodel,
also used for alignment and comparison in SA, and is 1.5 m high. Its
shape imitates a simpliﬁed blade proﬁle and represents a small
segment of an entire blade at a position 30 m from its root. Fig. 9
3.2. Test piece evaluation
To generate accurate comparative data between SA generated
B-Spline points based on a CAD model, and measurement points
on the test piece, consistency between the manufactured test
piece and its CAD model is vitally important.
To double check this dimensional accuracy, the complete test piece
was measured with the LR. The results showed that at four equally
spaced locations across the measurement surface, the average di-
mensional differences between the CAD model and test piece were
0.013 mm, 0.011 mm, 0.005 mm and 0.007 mm (mean¼0.009 mm).Fig. 9. Left, the CAD model of the test piece with rotational DoF marked. Right, the
test piece within the laboratory.This provides strong evidence that the test piece will not generate
artiﬁcial results due to an inaccuracy of CAD to test piece dimensions.
3.3. Test piece measurement
The test piece was measured using the LR on its curved, con-
stant radius surface designed to represent a simpliﬁed blade
aerofoil outer surface. The LR was positioned 4 m from the test
piece, which was mounted 1.5 m from the laboratory ﬂoor.
Throughout the experimental procedure, a clear ‘line of sight’ was
left between the LR and test piece with the LR never being moved.
3.4. Experimental procedure and data transformation
The experimental procedure is designed to establish a quick,
simple and accurate way of measuring large-scale wind turbine
blades. Each experiment carried out followed the systematic pro-
cedure framework as shown in Fig. 10. This framework also forms
the basis for the complete inspection procedure proposed for fu-
ture industrial implementation.
Carried out in a controlled environment, this experimental
procedure (Fig. 11) enables a full 32 DoF combination analysis to
be conducted within the data transformation stage.
This thorough but time consuming full enumeration enables
each variation of DoF constraints for example, Z constrained and X,
Y, Rx, Ry, Rz unconstrained, to be applied in order to evaluate the
optimal transformation constraints.
Another beneﬁt of this systematic procedure is that it enables
different geometries and numbers of B-Spline curves to be eval-
uated reliably without changing other aspects of the process.
A combination of these two experiment variations (DoF and
B-Spline geometries/number) form the ﬁnal optimised system,
demonstrating the most robust procedure to ensure measured
data is represented accurately during blade inspection.
3.5. Experimental plan and objectives
Having designed and constructed the test piece, conducted
initial experimentation to validate the accuracy of the test piece
and developed the experimental procedure, the investigation
Fig. 11. Blade test data transformation procedure.
Fig. 12. Experiment 2 and Experiment 3 B-Splines points, generated within SA.
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Experiment 1. Vary distance of the root along the constrained Z-
axis of a wind turbine blade.
This experiment establishes whether the position of a blade
inspection segment along the blade affects the data alignment
accuracy.
Experiment 2. Conduct a full 32 DoF combination evaluation with
a single B-Spline curve whilst simulating blade ﬂex in Rx, Ry, and
Rz.
This establishes a DoF combination that optimises alignment
accuracy when measuring 32 points along a single B-Spline curve
(Fig. 12).
Note that the selection of 32 measuring points has no linkage to
the 32 DoF possible combinations – the numbers are coincidental.
Experiment 3. Conduct a full 32 DoF combination evaluation with
double B-Spline curves whilst simulating blade ﬂex in Rx, Ry, and Rz.
This establishes a DoF combination that optimises alignmentaccuracy when measuring two combined 32 point B-Spline curves.
Experiment 4. Using the optimised DoF combinations from Ex-
periment 3, evaluate the effect that changing the B-Spline curve
separation has on quality of results.
This establishes if changing the distance between B-Spline
curves can achieve a superior solution than experiment 2 or 3.
These four experiments were conducted following the proce-
dure previously shown and used 32 B-Spline points constructed
50 mm apart.
3.6. Data collection and analysis criteria
After conducting each experiment, the data is displayed in SA
in the form of:
Vector Magnitudes-illustrating the distance between the 32
measured points and the CAD model surfaces.
Mean Point-to-Point Distance-illustrating the mean distance
between the 32 measured points and the 32 equivalent B-Spline
generated points.
Instrument Movement – illustrating the amount the LR in-
strument has notionally moved from its original position within
SA to achieve the transformation.
The data is then analysed with the optimal DoF combination for
each experiment. This requires:
Smallest Standard Deviation of Vector Magnitudes – gener-
ated from the mean of all vector magnitudes, the standard de-
viation must be minimised in order to demonstrate that the
measurement points have been successfully aligned with the
CAD model surface.
Smallest Mean Point-to-Point Distance – minimising this
distance shows that the data measured and collected is re-
presentative and aligned to a speciﬁc CAD model feature.
Smallest Instrument Movement – to ensure errors are mini-
mised when physically changing the LR instrument location for
complete blade inspection, any notional movement of the LR
instrument within SA must be minimised.
3.7. Ranking
In order to establish a hierarchy of results, the three forms of
analysis, mentioned above, provide independent factors to which
each DoF combination is ranked from 1 to 32, with the most ac-
curate DoF combination assigned a Rank Score of 1. For each ex-
periment conducted, the three independent factor rank scores are
then summed to form the overall Total Rank Score (Fig. 13)
achieved by each DoF combination. Weighting is not assigned to
any of the factors, as each factor has equal analytical importance.
The DoF combination that achieves the smallest Total Rank
Score for the experiment is then (realistically) assumed to be the
most accurate form of measurement alignment. Comparing Total
Rank Scores across experiments will identify any reoccurring,
strong performing DoF combinations.
However, if all results from an experiment have high Total Rank
Scores, this highlights that all DoF combinations are performing
poorly or inconsistently against the analytical criteria and there-
fore no accurate data alignment can be established.
Ranking results with particular relevance are those from Ex-
periment 2.4 and 3.4 (see below), which simulate Rx, Ry and Rz
movement similar to that experienced by wind turbine blades in a
factory inspection procedure.
Once the ranking has identiﬁed optimal alignment methods for
both single and double B-Spline curves, the data sets are compared
to establish the superior approach.
Table 2
Top 10 ranked results for experiment 2.1.
Ran-
k
Constrained
DoF
Total Rank
Score
Transformation Movement
(%)
1 Z Rx Ry 10 94
2 X Y Z 19 94
2 X Z 19 94
2 Y Z 19 94
2 Z 19 94
6 X Y Z Ry 29 94
7 X Z Rx 30 94
7 Z Rx 30 94
7 X Z Rx Ry 32 94
10 X Y Z Rx Ry Rz 34 79
Table 3
Fig. 13. Establish of total rank score.
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In order to quantify the ‘movement’ from unaligned to aligned
measured data points, caused by the transformation, the vector
magnitudes from the CAD model surface to the measured data
points before the alignment and after the alignment are calculated.
The range of each of these aligned and unaligned vector magni-
tudes then enables the Transformation Movement Percentage
(TMP) to be calculated using Eq. (3).
⎛
⎝⎜
⎞
⎠⎟ ( )
= − ×
3
Transformation
Movement
Percentage
Aligned Vector Magnitude Range
Unaligned Vector Magnitude Range
1 100
The TMP, when combined with the Total Rank Scores, estab-
lishes the overall most accurate DoF combination for data point
transformation.Top 10 ranked results for experiment 2.2.
Rank Constrained DoF Total rank score Transformation movement (%)
1 X Z Rx Ry 4 95
2 Z Rx Ry 5 95
3 Z Ry 8 95
4 Y Z Ry 10 95
5 X Y Z 11 95
5 X Z 11 95
5 Y Z 11 95
5 Z 11 95
9 X Y Z Ry 27 95
10 X Z Rx 31 95
Table 4
Top 10 ranked results for experiment 2.3.
Rank Constrained DoF Total rank score Transformation Movement (%)
1 Z Rx Ry 5 96
2 X Y Z 9 96
2 X Z 9 96
2 Y Z 9 96
2 Z 9 96
6 X Z Ry 26 96
7 Y Z Ry 28 96
8 Z Ry 29 96
9 X Z Rx 32 96
9 Z Rx 32 964. Results and analysis
All results are measured in millimetres (mm) and rounded to
the nearest 0.01 mm due to the precision of the Enhance Surface
Point Measurement procedure implemented.
4.1. Experiment 1
This experiment evaluated if changing the position of the root
from 1 m to 50 m along the Z-axis within SA affects the alignment
accuracy. It was conducted using single B-Spline point generation,
a 10° Rz test piece offset, and took measurements for a variety of
DoF combinations.
Through comparing the 1 m root and 50 m root results, the
maximum variation of the three analytical factors is 70.01 mm.
This illustrates that the position of the root along the constrained
Z-axis does not affect alignment performance or accuracy.
4.2. Experiment 2
Experiment 2 identiﬁes the optimal DoF combinations when
applying a single B-Spline point alignment technique to various
test pieces offset scenarios.
Experiment 2.1: A 30°Ry test piece offset, simulating the maximum
sag along an unsupported blade span.
Table 2 identiﬁes that the constrained DoF combination of Z, Rx
and Ry produces the lowest Total Rank Score of all the 32 DoF
combinations investigated. Constrained Z, Rx and Ry DoF also
generates the highest TMP of 94% and therefore indicates this DoF
combination has the best overall data alignment performance
when compensating for Ry misalignment caused by blade sag.
Experiment 2.2: A 10° Rz test piece offset, simulating the max-
imum twisting about the blade cord’s Z-axis.
Table 3 identiﬁes that to compensate for misalignment caused
by blade twist about Rz, constraining the Z, Rx and Ry, again,
produces a strong alignment performance-only additionally con-
straining the X DoF improves alignment performance marginally.
Experiment 2.3: A 30° Ry and 10° Rz test piece offset, simulating
blade twisting and blade sagging.
Table 4, again, identiﬁes that constraining the Z, Rx and Ryproduces the most effective alignment of data compensating for
blade sags and twists in the Rz.
Experiment 2.4: A 5° Rx, 30° Ry and 10° Rz test piece offset, si-
mulating the most extreme scenario requiring data alignment.
Table 5 consolidates all results from Experiment 2, showing
that when using single B-Spline point alignment to compensate
for blade sag (Ry) and twist (Rx and Rz), the overall highest ranked
transformation DoF are X, Y and Rz whilst keeping Z, Rx and Ry
constrained.
The raw data and SA alignment performance vector magnitudes,
for constrained Z, Rx and Ry DoF in Experiment 2.4 (simulating the
most likely conﬁguration in a factory), are shown in Fig. 14. This DoF
combination generates a 94% TMP from the unaligned, original
Table 5
Top 10 ranked results for experiment 2.4.
Rank Constrained DoF Total rank score Transformation movement (%)
1 Z Rx Ry 4 94
2 X Z Ry 12 94
3 X Y Z Ry 23 93
4 X Z Rx Ry 26 91
4 X Y Z 26 94
4 X Z 26 94
4 Y Z 26 94
4 Z 26 94
9 Y Z Ry 30 94
10 Z Ry 31 94
Table 6
Top 10 ranked results for experiment 3.1.
Rank Constrained DoF Total Rank Score Transformation Movement (%)
1 X Y Z Rx 16 91
1 X Z Rx 16 91
1 Y Z Rx Ry 16 91
1 Z Rx Ry 16 91
5 X Y Z Rz 23 91
5 X Z Rx Rz 23 91
5 X Z Rz 23 91
5 Y Z Ry 23 91
5 Y Z Ry Rz 23 91
5 Z Rx Ry Rz 23 91
Table 7
Top 10 ranked results for experiment 3.2.
Rank Constrained DoF Total rank score Transformation movement (%)
1 X Y Z Rx 10 89
1 X Y Z Rx Rz 10 89
1 X Y Z Rz 10 89
1 X Z Rx 10 89
1 X Z Rx Rz 10 89
1 X Z Rz 10 89
1 Y Z Rx Ry 10 89
1 Y Z Rx Ry Rz 10 89
1 Y Z Ry Rz 10 89
1 Z Rx Ry 10 89
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strument movement within SA, minimised Standard Deviation
(1.39mm) and minimised Mean Point-to-Point Distance (4.93 mm).
4.3. Experiment 3
Experiment 3 identiﬁes the optimal DoF combinations that can
be applied when using a 200 mm separation, double B-Spline
point alignment technique.
Experiment 3.1: A 30° Ry test piece offset, simulating the max-
imum sag along an unsupported blade span.
Table 6 identiﬁes a variety of DoF combinations that all exhibit
the strongest alignment performance to compensate for blade sag.
These, however, have high Total Rank Scores in comparison to
equivalent results generated in Experiment 2. This is due to each of
the DoF combinations performing inconsistently against the ana-
lysis criteria. In this case, the constrained DoF combinations with
the lowest ranked scores of 16, compared with 10 in Experiment
2.1, have low Standard Deviations of 4.11 mm and Mean Point-to-
Point distances of 7.69 mm, but perform poorly due to notional
instrument movement within SA. Therefore, these results do not
provide a clear optimal alignment DoF combination.
Experiment 3.2: A 10° Rz test piece offset, simulating the max-
imum twisting about the blade cord’s Z-axis.
To remove the effect of twist (Rz), Table 7, similarly to Table 6,
does not show a clear optimal alignment DoF combination. Again,
this is due to notional movement of the instrument within SA.
Experiment 3.3: A 30° Ry and 10° Rz test piece offset, simulating
blade twisting and blade sagging.
Table 8 shows high Total Rank Scores, illustrating that the
double B-Spline point alignment is performing inconsistentlyFig. 14. Optimum Experiment 2 alignment accuracy results. Shown in SA (left), the
Transformation Movement Percentage and in performance raw data form (right).against the analytical criteria and not effectively compensating for
the effects of both blade sag and twist.
Experiment 3.4: A 5° Rx, 30° Ry and 10° Rz test piece offset, si-
mulating the most extreme scenario requiring data alignment.
In contrast to Experiments 3.1, 3.2 and 3.3, allowing rotational
DoF in Experiment 3.4 removes notional LR instrument move-
ment. This causes the results in Table 9 to show strong performing
alignments without the high Total Rank Scores previously ob-
served. This contrast further highlights the inconsistencies of es-
tablishing an optimal DoF combination when subjecting 200mm
separation double B-Spline point alignment to different test piece
offsets.
However, to conduct comparative analysis with Experiment 2,
the raw data and SA alignment performance vector magnitudes
from the optimal DoF combinations, established in Experiment 3.4,
are used. These results, as shown in Fig. 15, use X and Z, or Z (both
the same) constrained DoF combinations and have a TMP of 93%
from the unaligned data. These results show a low Standard De-
viation of 1.64 mm, a low Mean Point-to-Point Distance of
5.07 mm and no notional Instrument movement within SA.Table 8
Top 10 ranked results for experiment 3.3.
Rank Constrained DoF Total rank score Transformation movement (%)
1 X Z Rx 29 95
1 Z Rx Ry 29 95
3 Y Z Ry 36 95
3 Y Z Ry Rz 36 23
5 X Y Z 37 95
5 X Y Z Rz 37 23
7 X Y Z Ry 39 23
7 X Z Rx Rz 39 84
7 Z Rx Ry Rz 39 23
10 Y Z Rx 43 23
Table 9
Top 10 ranked results for experiment 3.4.
Rank Constrained DoF Total rank score Transformation movement (%)
1 X Z 3 93
1 Z 3 93
3 X Y Z 4 93
3 Y Z 4 93
5 Z Ry Rz 24 42
6 Z Ry 25 42
7 X Z Rx 33 93
7 Z Rz 33 42
9 X Z Rz 35 42
10 Y Z Rz 36 42
Fig. 15. Optimum Experiment 3 alignment accuracy results. Shown in SA (left), the
Alignment Improvement Percentage and in performance raw data form (right).
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Experiment 4 results show that by reducing the separation
distance between double B-Splines curves from 200 mm to
50 mm, the TMP moves marginally from 93% to 94%, however the
inconsistencies illustrated by the results of Experiment 3 remain.5. Discussion
5.1. Single B-spline point alignment
The analysis for single B-Spline point alignment shows that as
the number of constrained DoF increases, the ability of SA to align
the measured data points becomes limited. This causes an overall
trend of poor alignment transformation performance, demon-
strated by larger Standard Deviations of the measured points to
the CAD surface vector magnitudes (23.21 mm for constrained X, Y,
Z, Rx, Ry and Rz), and a larger Point-to-Point distance (20.72 mm
for constrained X, Y, Z, Rx, Ry and Rz). Despite this, as DoF con-
straints increase, the overall notional LR instrument movement
within SA reduces, indicating strong performance relating to this
analysis criteria.
This result means that an optimum DoF combination for single
B-Spline point alignment must either be a compromise between
these three analysis criteria trends or a combination of constrained
DoF that have no effect on the ability of SA to transform the data
points.
In the latter case, the results ranking system and TMP calcu-
lation have highlighted that the constrained DoF combination of Z,
Rx and Ry enables SA to transform the data points at an optimal94% movement from the original, unaligned position which is si-
milar to solely constraining Z. This transformation therefore pro-
vides the optimal alignment accuracy. At the same time, the in-
creased DoF constraints prevent the LR instrument location from
moving from its original position within SA ensuring that when
multiple instrument locations are implemented (when measuring
large-scale wind turbine blades) further errors are removed.
The single B-Spline point alignment procedure also has a short
inspection cycle-when using 32 points along the test piece
B-Spline, the process is completed in less than 5 min.
Therefore, the single B-Spline point alignment with DoF con-
straints in Z, Rx and Ry provides blade manufacturers with a quick,
simple and accurate aerofoil proﬁle measurement procedure.
5.2. Double B-spline point alignment
Similarly to the single B-Spline point alignment, the results for
double B-Spline points show that alignment performance is
compromised as more DoF constraints are applied to the trans-
formation procedure. However, the trends demonstrated in single
B-Spline point alignment are not as prominent. The reason for this
is that SA aligns each of the two B-Splines in unison when trans-
forming with just rotational DoF (Rx, Rz and Rz). This imposes
additional constraints onto the transformation, removing the no-
tional movement of the LR instrument in SA but also lowering the
ability for points to be transformed (generating a lower TMP than
single B-Spline point alignment).
With less favourable trends, optimal DoF combinations vary
between different test piece Rx, Ry and Rz positions (Experiment
3.1, 3.2, 3.3 and 3.4). This inconsistency prevents the establishment
of a single best procedure for double B-Spline alignment. With two
B-Splines to measure, the procedure also has an inspection time
twice as long as single B-Spline measurement. Nonetheless, whilst
the Double B-Spline point alignment with DoF constraints in ei-
ther Z or X and Z still provides a relatively quick and simple pro-
cedure, it does not provide conﬁdence that the measurement ac-
curacy is optimised for each measurement.
When reducing the separation distance between B-Splines, the
results from Experiment 4 show slight improvements in alignment
accuracy (and the TMP conﬁrms this) but the optimal DoF com-
bination inconsistencies remain.
5.3. Single B-spline to double B-spline comparison.
Comparing these procedures, the optimal DoF combinations
raw data, shown in Figs. 14 and 15, have similar performing
alignment accuracies. However, the largest difference between the
methods is in the variation in best ranked solutions.
The single B-Spline point alignment experiment shows con-
strained Z, Rx and Ry DoF as the top performing alignment for
each variation of simulated blade sag and twist, whilst the double
B-Spline method’s optimal DoF combinations change for different
alignment requirements. The consistency of the single B-Spline
point alignment method therefore gives blade manufacturers
more conﬁdence that this measurement method is orientating
data points in an accurate representation of the inspected blade
aerofoil proﬁle.
Also, the single B-Spline point alignment provides results in
less time than the double B-Spline method, conﬁrming the su-
periority of the single B-Spline method.
5.4. Complete blade inspection viability
The single B-Spline method inspects a small segment of a blade,
treating it as an independent alignment assessment in order to
account for any ﬂex within the total blade. Replicating this process
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complete inspection picture to be generated.
The results from Experiment 1 show that the distance of in-
spection from the root of the blade has no effect on alignment
capabilities. Therefore, this method can be implemented success-
fully to generate high accuracy total blade inspection.
5.5. Experiment evaluation and recommendations
The procedure and software used in this investigation rely on
surface features, such as variation is surface topography, to aid
measurement alignment. This causes measured objects with
complex shapes and surfaces to have the potential for improved
data point alignment accuracy above simple objects with few
features.
The experiments reported use a simple, constant radius curved
test piece to simulate the complex, multi-featured curvature of a
wind turbine blade. This caused the experimental alignment ac-
curacies to be compromised, with optimal alignment only to
within a mean of 5mm of the required measured point. The next
stage of investigations should therefore use a more complex test
piece, which replicates a blade segment, in order to remove this
error and uncertainty. Carrying this out would increase the TMP
further and enable smaller Point-to-Point distances; improving the
overall alignment accuracy values. This further investigation is
required to verify this paper’s ﬁndings. Finally the results would be
validated with data collected from actual wind turbine blade in-
spection in a factory in order to provide a quantitative value for LR
measurement accuracy.
6. Conclusion
The use of LR for constrained Z, Rx and Ry DoF single B-Spline
point alignment is presented in this paper. This procedure uses SA
to eradicate the error introduced into large-scale wind turbine
blade inspection by chordwise and spanwise ﬂexing.
The LR enables accurate and fast, non-contact measurement
whilst the experimental procedure proposed ensures measured
data point to CAD model alignment is optimised in a simple and
adaptable manner.
Experimental results show that the single B-Spline method is
capable of enhancing wind turbine blade inspection reliability,
thus providing blade manufacturers with conﬁdence that their
product is of accurate aerofoil proﬁle. The study has also found no
beneﬁts are derived from using the double B-Spline method.
There is also potential for the technique to be developed for use
in the inspection of other large, non-rigid structures that require
high dimensional accuracy for their operational effectiveness.
These could include aircraft fuselage and wings, large solar panels,
radar and telescope dishes and possibly large space structures.
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